Plasma hyaluronan-binding protein (PHBP) is a serine protease the activation of which is implicated in inflammation. Previous investigations have suggested the presence of catechol-binding sites in its proenzyme form, pro-PHBP. Here we found that compounds with plural catechol groups conjugated with strong electronwithdrawing groups, such as tyrphostin AG 537 (IC 50 ¼ 18 nM), were potent inhibitors of pro-PHBP activation.
Plasma hyaluronan-binding protein (PHBP), alternatively designated factor VII activating protease (FSAP), is a serine protease implicated in both coagulation and fibrinolytic systems, since it catalyzes the activation of coagulation factor VII and the proenzyme form of urokinase-type plasminogen activator (u-PA). [1] [2] [3] [4] PHBP circulates as a single-chain proenzyme (pro-PHBP). It converts autoproteolytically to an active two-chain form. 5, 6) Although activation of pro-PHBP is observed under inflammatory conditions in vivo, 7, 8) no physiologically relevant enzyme responsible for pro-PHBP activation has been found. Alternatively, negatively charged molecules (such as heparin and RNA) and positively charged molecules (such as polyamines and histones) dramatically promote pro-PHBP autoactivation. [9] [10] [11] [12] Hence it has been postulated that these molecules contribute to the regulation of physiological pro-PHBP activation.
Polyamines, such as spermidine, promote the formation of pro-PHBP autoactivation complex 10, 13) while heparin and RNA act as a scaffolds for the accumulation of pro-PHBP.
11) Thus pro-PHBP activation can proceed through multiple mechanisms, depending on the kind of pathophysiological stimuli. [10] [11] [12] [13] Inflammatory and tumor tissues, which have high polyamine concentrations, are often associated with cell death, which leads to the release of intracellular components, including polyamines. Therefore, control of polyamine-induced pro-PHBP activation might be of significance in regulating inflammatory processes.
We ahve identified several compounds that selectively inhibit polyamine-induced pro-PHBP activation through comprehensive screening of natural products. 10, [14] [15] [16] Most of these inhibitors have a polyphenol feature. In particular, potent inhibitors have plural catechol units, such as galloyl and caffeoyl groups. 15) Since catechol attenuates the inhibitory action of these inhibitors, the presence of catechol-binding sites in pro-PHBP has been postulated. 15) In this study, we investigated the structureactivity relationships of catechol-based compounds to facilitate the designing of a potent inhibitor.
To design catechol-based inhibitors, first we attempted to determine the optimal structure to connect to a catechol unit. A list of selected catechol-containing compounds was tested for inhibition of pro-PHBP autoactivation in the presence of spermidine. The results indicated that while compounds 1-5 were essentially inactive, compounds 6-9, which contained nitrile group(s) connected to a catechol unit via a conjugated system, showed weak inhibitory activity (Fig. 1A ). Since compounds with plural catechol units have been shown to be more potent than ones with a single catechol unit, 15) we examined the activity of analog 10, which had two catechol units bridged via a conjugated nitrile group. Compound 10 potently inhibited spermidine-induced pro-PHBP autoactivation (IC 50 ¼ 0:060 AE 0:001 mM) (Fig. 1A ), but not heparin-induced autoactivation (no inhibition at 230 mM). The activity of 10 was attenuated by catechol, but not by phenol or resorcinol (Fig. 1B) . The importance of the dual catechol structure was further confirmed by the result that 11, an analog with an O-methyl group in one of the two catechol units, had low inhibitory activity (IC 50 ¼ 0:37 AE 0:08 mM) (Fig. 1A) .
To demonstrate the importance of conjugation between the catechol unit and the nitrile group, we synthesized an analog with one of the two catechol units in 10 not conjugated with the nitrile group (12) [matrix assisted laser desorption/ionization-time-offlight-mass, m=z 322. group was important. Compound 13, which had two independent nitrile-conjugated catechol units, was 3 times as potent as 10 (IC 50 ¼ 0:018 AE 0:001 mM) (Fig. 1A) . Therefore, integration of plural catechol groups in a single conjugated system is not required for inhibitory activity. Rather, the presence of a stabilized conjugate base in each of the catechol units might contribute to potency. Strong electron-withdrawing group (EWG) such as nitrile can facilitate the stabilization of a conjugate base.
To test this hypothesis, we performed molecular orbital calculations to estimate the deprotonation energy for phenolic hydroxy groups in these compounds (Fig. 2) . The deprotonation energies for the hydroxy group at positions 4 and 3 0 in compound 12 (À167:8 and À131:3 kJ/mol, respectively) were significantly higher than those at the corresponding positions in 10 (À211:8 and À166:7 kJ/mol respectively), whereas those at positions 3 and 4 0 in each compound were comparable. Thus the disruption of the conjugated system destabilized the conjugate base in both catechol units. The Conformation analysis was performed using the MOE stochastic search algorithm, and structure was optimized by the PM3 parameter of the MOPAC2009 (Stewart Computational Chemistry, Colorado Springs, CO). Formation energy was calculated with the PM3 parameter in the most stable structures. The deprotonation energies of the various hydroxyl groups in the inhibitors were calculated by subtracting the formation energy of the deprotonated inhibitors from that of the protonated inhibitors, and are shown as numerical data (kJ/mol). The IC 50 values for spermidine-induced pro-PHBP autoactivation are shown in parentheses.
Crucial Structures for a Catechol-Based PHBP Inhibitorimportance of stabilization of the conjugate base was confirmed by the fact that compound 13, which is 3 times more potent than 10, had lower deprotonation energies in all phenolic functions as compared with 10.
Our data suggest that a compound with plural catechol units conjugated with strong EWG can be a potent inhibitor of pro-PHBP autoactivation (see Fig. 3 for a schematic representation of the crucial structures for a catechol-based inhibitor). This is compatible with the structures of potent compounds identified in previous investigations. 15) In tannic acid (IC 50 ¼ 0:020 mM), hamamelitannin (IC 50 ¼ 0:19 mM), and 3,5-di-O-caffeoylquinic acid (IC 50 ¼ 1:0 mM), conjugated ester bonds can serve as EWGs. A pyrylium system functions as an EWG in delphinidin (IC 50 ¼ 0:079 mM) and cyanidin (IC 50 ¼ 0:13 mM).
15)
Pro-PHBP activation is a regulated process involving distinct mechanisms. Polyamine-mediated activation can play a role in inflammatory conditions. 10, 12) We hope that the results of the present study will aid in medicinal chemistry research to develop a potent selective inhibitor of pro-PHBP autoactivation. 
